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IN'J:RODUCTION 
High frequency airborne radio echo sounding 
methods were originally developed to study the 
thickness of a glacier. When used on ice sheets, 
additional, unexpected results were obtained. Not 
only were surface and substrate echoes recorded on 
the radar photograpts, but internal layering ap;eared 
as well (see figure 1,. 
A number of h:;rpotheses concerning tt_e causes of 
the internal layering have been advanced. Harrison 
(1973, proposed that the echces were a result of 
varying orientations of anisotropic ice crystals. 
Robin (1969) suggested that a change fron bubbly ice 
to clear ice caused a change in permittivity which 
resulted in varying amplitudes of the reflecticns 
causing the layering. Clough (1977) suggested the 
theory that changes in the density of the ice caused 
changes in tt_e reflections of the electromagnetic 
pulse resulting in the pherc.omenon. 'J:he above authors, 
and ethers, all considered the possibility that the 
radio reflections come from ancient depcsi~ional 
layers of some kind. Tt is now generally accepted 
that the ref:ectiLg layers probably are ancieLt 
depositicnal layers (Clough, 197~), although the 
l 
Figure 1. Radar record photograph. 
CBD no. 230 (left side of picture) 
is about 80 kilometers from the 
ice divide. Arrows indicate 
internal layers used in this s~udy. 
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p recise mec __ anism for -::-1:e reflec":.ions i s still a 
subject of debate . 
This s t udy begins by assuming tha ~ the i n t e r Lal 
r e flection lay e r s do rep r esent aI'-cient de? ositional 
layers . A steady - s tate i ce f low model i s used to 
calculat e t he pcsitions o f a n cient de~o sitional layers 
wi t h i n the ice sheet (cal led " i sochrons" in this 
study) . These isochrcns are t hen co~pared ~o the 
internal l a y ers shown in radar re cor ds taken ~n 
GreeI'-land i n April , 1978 . A discussion is then 
presented , c oncerning the s imilarit ies and d i screpancies 
o f the c omparisons , and suggestioI'-s are advanced as 
to tLe causes o f t h ese discrepancies . 
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DArA 
Ice thickness and internal reflection layer 
depth data of part of the Greenland ice sheet were 
obtained from radio echo sounding records of flight 
0578 of April, 1978. These records were provided 
by Mr. S~ren Overgaard of the Electromagnetic 
Institute of tlle 'I'echnical University of Denmark. 
~he flight path is shown in figure 2. 
The records were sufplied as strips of 
photographic film on which radio reflections from 
the air-ice surface, subglacial surface and ~nternal 
reflecting layers appear as white lines (figure 1). 
Four white lines are visible at the top of each 
record, the first not as well defined as the other 
three. The second line down represents the aircraft, 
while the fourth line down is the air-ice surface 
(Overgaard, written com::mnication to I. M. Whillans, 1979). 
The subglacial surf~ce is the lowermost reflection. 
Internal reflections occur througt~out the thickness 
of the ice, but are clearly visible only in the upper 
three-fourths of tLe ice. 
At the tcp and bottom of the record, identification 
nuobers, called CBD numbers are printed. ·J:hese 
numbers are used to collate the photographs with a 
Figure 2. Map of Sreenla~d s~owing flight pat~ of 
flight 0578. Flight path is indicated by bold 
line in ce~tral Green~and. 
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co~puter-printout of latitude, longitude and 
air-ice surface elevation. Aircraft altitude and 
groundspeed, and the time of the pulse are also 
recorded at each CBD :rnrr..ber, but were not necessary 
for this study. 
The depths of three internal reflections were 
measured for comparison with calculated isochrons. 
Lines were selected that were bright, continuous, 
and evenly spaced through the region cf clear 
internal reflections. A sc~le, provided by Mr. 
Overgaard fer use specifically with these records, 
was used to obtain ice thickness and "::he dep-:::hs 
of in~er~al reflections. Measurements were taken 
froo the bottom of the line representing the air-ice 
surface to the bottor:i. of the reflection being 
measured. ~he scale was calibrated in hundreds of 
meters and read to the nearest ten meters. 
Eleva~ions of the measured lines were obtained 
by subtracting measured depths from the surface 
elevations provided on the computer-printout. 
The substrate and air-ice surface elevations were 
cor:i.pared to independently generated cont.Jur maps of 
Greenland (Ben.son, '1962; Weidick, '1S75) and found -:::o 
--.)--
agree within about 5~6 vertically. 
Accumulation data are from Benson (1962). 
Benson presented a contour map of gross accumulation 
rates in centimeters of water per year. This map 
incorporates all of the data available to Benson 
at that time. It was decided that this map should 
be used for obtaining accumulation rates, because 
by incorporating numerous studies, errors arising 
from a single study or from an abnormal year can 
be avoided. 
The accumulation map was enlarged and the 
flight path was plotted on it. Accumulation rates 
were calculated for each CBD number along the 
flowline using an interpolation of the accumulation 
data (see figure 3). Although this map contains 
gross annual accumulation rates, these rates 
can be considered as approximate to net accumulation 
rates. This is because the flight pa~h does not 
extend into the ablation or saturation facies, which 
are located on the outer edges of Greenland (Benson, 
1962). In the inland facies, sublimation is not 
a significant factor, so that net rates approximately 
equal gross accumulation rates. Accumulation rates 
in centimeters of water per year calculated 
the CBD numbers were conver~ed to meters of ice 
-------------- -----~ ----
IOICIOCEIIEIDIIO-•"c='":::?'s..o .... ~iiE:::=::5"1'61<ilo....,.t.,.5 
Map of Gree~land showing part of Benson's (1962) 
accurr.ulation data. ~c,n+o,1~R are ~n err Po/~ ~ C -- - ~• • l .l 2 ~. 
~1 .. : 
.J:<_ign-:; path is indicated cy bold line. 
I' 
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-per year by dividing by a density factor of 
92 c~ H2o /mice. 
The distances from the ice divide assigned 
to each CED number were measured by plotting the 
flight path on a large (1:2,500,000) map of 
Greenland (Weidick, 1975), measuring the distance 
along the flowline, and converting according to 
the scale of the map. 1:he distances were measured 
to the V-earest kilometer. 
L 
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THE MODEL 
A version of the ice flow model developed by 
I.M. Whillans (1976) is used to calculate isochrons. 
This model assumes that the ice is in a steady-state 
(thickness and velocity at a given point on the ice 
sheet do not change with time), that vertical strain 
rates are constant with depth, but can vary la-cerally, 
and tLat there is no bottom melting or freezing. 
'I1hese assumptions are discussed in the sections 
concerning results and interpretations. 
Flow in an ice sheet is along the surface 
elevation gradient (Paterm n, 1969). Radar data; 
showing internal layering of the inland ice, were 
collected along the flight path shown in figure 2. 
I1his path is roughly perpendicular to the surface 
elevation contours, and is therefore considered a 
flowline. For a considerab:=_e distance nor~h and 
south of this flowline, the neighboring flowlines 
are approximately parallel. Therefore, the flow 
pattern in the area of this study is largely 
two-dimensional. 
In this model, equations for horizontal and 
vertical velocities are derived. From these 
equations, vertical strain rates, average layer 
--()--
thickness and, ultimately, the depth of a selected 
isochron at any given point can te calculated. This 
section describes the model and shows how these values 
are derived. 
Consider a profile of an ice sheet (figure 4). 
In order to maintain a constant thickness, as snow 
accumulates upglacier, ~here is an equivalent flew 
away from the ice divide. Thus, the accumulation 
cf snow upglacier (6) summed along the flowline (lt5~x, 
wt.ere x is the horizontal distance) is equal to tt.e 
product of the average horizontal velocity (u) and 
the thickness of the ice sheet (z) at the place of 
measurement. Horizontal velocity decreases with 
depth (Paterson, 1969). However, in ~his ffiOdel, an 
average horizontal veloci t:,, taken through tt.e thickrrnss 
of the ice, is used so that: 
- l.6.:.\x 
u = z 
This formula is used to estimate the horizontal 
velocity a~ each CED number along the flowline. 
The vertical-~elocity at the ice surface is 
the sum of two components. In a steady-state, a 
particle originating at the surface moves down due 
to accumulation 015) and due to the vertical 
component of downslope movement (see figure 5). 
.-----A~---..a-
., r•" ~ b .•• 
--r=~~ 
I 
I ice z 
·clividc. I 
uZ,. ~xib 
Q = A'Xlb 
z 
Figure 4. Calculation of horizontal velocity 
usi~g ice thickness, accu~ulation, and 
distance from the ice divide. 
To.. n o<. .. d 'Z.•"f' 
dx 
Ve.r+ico.l Vel oe,+y (ibp) = Vrop ... ch~ot' U. d,c 
I 
I 
190 
I 
c:; 
./ . Calculation of vertical velocity at 
the surface of the ice cheet using cnange in 
thickness, chan~e in distance, and hcrizonta: 
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If the angle of the slope is a then tan~ equals 
the change in elevation (dz top) divided by the change 
in distance ~x). Multiplying by the rate of change 
in distance (O) yields the vertical com~onent of 
downslope movement associated with downslope flow. 
Adding the two components, the vertical velocity 
at the surface is: 
, _ dztop 
V top = - b + U ---
d X 
(2a) 
The vertical velocity of the ice at the base 
of the ice sheet (vbot) is no longer affected by 
surface accumulation. However, it is affected by 
the vertical component associated with downslope 
flow, and by a factor representing bottom freezing (i). 
If melting occurs, is negative. Initially, i 
is taken as zero. This will be discussed fur0her 
in the fellowing section. Addition of these two 
co~ponents yields the vertical velocity at the base 
of the ice: 
• - dz bot ( ) 
vbot = t +u-- 2b dX 
The vertical strain rate ([22 ) is defined as 
the rate of change of vertical velocity with depth 
( dV ) :oz- . For :;his study, €22 is taken as constant 
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throughout the ice thick...~ess. Thus: 
and 
6.v = vtop - vbot 
D,_ Z = z t O p - z bO t 
-: - vtop - vbot 
€ 'Z'Z - ------:~--
z top - 2 bot 
However z top - z bot is eq_ual to the ice thickness 
(z), so that substituting from equation 2: 
-
. 
( · - dztop [· -~
2 bot) 
-b+ U--- f+U 
dX dX 
Ezz = 
z 
= 
= 
(3) 
Layer thick...~esses can now be determined. 
Le-c A re-present the thickness of a la:,er deposi::ced 
over unit time ( t). When t=O, A = b • Because 
vertical velocity varies with de-pth, A var::_es with 
depth. This change in layer thickness (dA) is 
described by: 
-
ct A = E,_z. A ct t 
f d A =/Ju A dt 
The integral is taken from t=t, to t=t. ~ 
l l+ I 
with t~<t. ,1 • 
..L l+ I 
At 7\ =A. 
l 
and at 
--11--
;\ = X. ~· The interval between t. and~- ~· l+ I l l+ I 
-
Must be small enough that Ezz can be considered 
constant. I1hus: 
I Ai+1 -=- ( ) n-'\-.-=Ezz ti+l-ti 
i\ I 
-
Ai+l= Aiexp(E·z-z.(ti+J-ti)) ( 4-) 
If t.=O, then A.=b: l l 
Xi+1= b (" ) exp E'Z.z. ti +1 (5) 
From this, an average thickness for an annual 
layer at any given location can now be calculated. 
A layer ti years old is b~ried under ti annual 
layers, so that an average layer thickness equals: 
_lft;. (-; .) 
-ti to b exp Ezz t 
which was obtained by substituting from equa~ion 5. 
Bo1:;h € z-z. and 6 are assumed to be constant from 
time 
--12--
b !rt; . I\. = ~ exp (E-zz t) d t 
I to 
. 
b 
---
t· €. 
I '2:Z 
I'his is the average layer thickness over the 
interval from deposi~ion (t0 ) tot yea~c - i __,.....,. 
Subsequ-er~t changes ir_ layer tl"_ickness can be 
calct:lated using equation 4 with \; = A and \; + 1 
equal to the altered average thickness. 
In order for the model to approximate reality, 
the intervals from t 0 to ti and each subseq~ent time 
step must be small enough to be able to treat Eu. 
and~ as constants across the interval. In this 
study, the intervals between adjacent CBD numbers 
were considered small enough. Using half of th~s 
interval creates a change in the average layer thickness 
of up to 5%, but this does not significantly alter 
isochron depths. The intervals between CBD numbers 
are referred to as 11 segments 11 , with the CBD number 
which terminates the segment referred to as the 
11 terminating gate", or simply "gate 11 • Average 
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accumulation rate and thickness were calculated 
for each segment. From these, horizontal velocity 
and vertical strain rate were calculated for the 
segment. Then a time interval (t. ~-t.) was 
l+ I l 
calculated which is equal to the time it takes a 
varticle to cross tha~ segment. 
An average layer thickness is calculated at 
each gate for all the layers originating in that 
segment (see figure 6). The devth of a layer 
devosited at the uvglacier edge of segment i is: 
ciepth="X.;t; 
in which ti is equal to the time it takes to cross 
that segment. As these layers are buried further, 
they move horizon~ally into segment i+'1. The 
average thickness of the original layers is altered 
by the strain rate of this new segment;. These 
layers will also be buried under new layers 
originating in segmenu i+1. At the end of this 
segment, the devth of the layer which originated 
at the beginniLg of segment i is: 
h ( .... .... ) . 'h ' ~ +-. . +- ' k w ere 1..,. ,,.,
1
- L,. is t; e amour~-;::; 0.1.. vime l v t;a es 
l+ l 
to cross segment i+'1, and therefore the number 
of annual layers devosited in that segment. This 
' 
sa.te sote sa,te ~ 
0 i 'i+I i+a. 
I I I 
I 
1 se<3rne,nti I Se~me.nt i + I s~me.nt it~ 
I 
I I interv~I I int-c.rvo..l in+ervo-1 I 
+o-, t, _t, ~ti•I +i.,., tj+.2, I I 
·C:n < Cui I ei..,. = t-.i., l ... .. e"Z.J.h,2.1 
b : , .. i b : 1,;2+1 b: bi+.;, I 
I I 
no. of' lo.yer.s I no. or I C!-YC(S I no. of lo..r,-r~ 
depos,te.d d~o.st+e.d depos,t-eo I 
in s~men+, I fri -se.s me.,,t I In ~.....ent 
t-i-t .. -=ti I ti .. ,·t~ I fi+~: fi+ I 
I I 
I 
I 
dep+h o.f botto,.,, lo.ye.- w 90.+ei • 
1iti 
dep+h of bottom lo.ye.(" c..t 90..+e i+-1 "' 
~ 1+1Jf1+2·'ti+I) ~ [t?•I (fi+r·"t-i) • Ai ii· 
(exp Clu 1 .. 1 (ti .. ,-t,'))) ex.p{C-z:zi,..:z (1;1-.:1 -i, .. , )TI 
Figure 6. Calculation cf derth of the lower-rnost 
layer at three terminating gatee. 
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method is continued until t 1+t2+t3+ ••• =t, with t 
equal to any selected age. 
For this study, ~he depths of three layers 
of ages 1400, 3050, and 6700 years were determined 
at each CED number along the flight rath. The 
ages were selected to provide derths approximating 
the depths of the three chosen radar lines at the 
divide (x=O). The depths of the calculated layers 
were plotted and compared with the measured reflections. 
The results are discussed in the following sections. 
--15--
RESULTS 
The model described above was incorporated 
into a Fortran computer-program and processec on 
an Amdahl 470 computer to generate isochrons. 
Calculated isochrons were plot~ed using a Versatec 
plotter (see figure 7). 
The results shown in figure 7 show close 
agreement between the youngest isochron and the 
radio reflection. This supports the contention 
that not only is the ice flow model valid, but thct 
~he radio reflections are indeed isochrons. This 
has already benn suggested by other authors (Clou~h, 
1977; Harrison, 1973; Robin, 1969; Whillans, 1976) 
and is strongly supported here. Internal reflections 
will hereafter be referred to as isochrons in this 
study. 
The middle and lower sets of measured and cal-
culated isochrons do not agree as closely as the 
upper set. This discrepancy increases with age 
and depth and with increasing dista~cs from the ice 
divide. The agreeaent at the ics divide is ~nherent 
in the model because the ages of the calculated 
isochrons were chosen to appro:cimate the depths of 
the radar isochrons at the divide (z=O). 
Figure 7. Versatec plot of the 
calculations showing both 
calculated isochrons and 
radar lines as measured from 
the radar records. 
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The calculated isochrons have to '::)e identical 
to the actual isochrons at the air-ice surface. 
From this, it could. be eL-pected. that the calculated. 
isochro~1.s would. closely a-p-proximate the actual 
isochron.s nea:: the s'.lI'face with the closeness 
of ap~roximation decreasing with depth. This is 
because the data used in this study, especially 
ac::u:nulation a:--~d thickness measl .. U'ements, a-pply to 
the present. For young, shallow isochrons, the da0a 
will be nearly correct. For isochrons of greater 
age, it is probable that diffsrent values of 
climatic parameters have affected the depositional 
layers. Also, minor inconsistencies in the model 
are amplified as calculated, simulated time 
passes and greater isocri...ron depth is achieved. 
Ther~fore, one would expect to see close agreement 
of the calcula-:::ed and observed. isoc"b...rons near 
the surface, and. less agreement with increasing depth~ 
This is su-pported by the results. 1he 
increa~ing differences with age may be ciue to 
three broad types of error: 1) problems with the 
model; 2) problems with the da~a; and 3) problems 
~ith climatic and internal paraceters which are 
assumed constant, but have changed with time. 
The first ty-pe of error is problems with 
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the model, which assumes most notably that -che 
internal layering represents isochrons. Because 
the agreement of the youngest calculated and 
measured isochrons is too close to be coincidental, 
the model is considered valid. However, discrefancies 
~etween calculated and measured isochrons with depth 
may be due to inaccuracies of assumptions contained 
within the model. The model begins by assuming that 
vertical strain rates are constant with depth, that 
there is no bottom melting or freezing, and that 
the ice is in steady-state. Although detailed 
inves~igation of the effect of these assumptions 
is outside the confines of this study, some 
speculations can be advanced concerning the validity 
of these assumptions. 
An increase by alm:ist '100% in the vertical 
strain rates used brings close agreemer..t to both 
the calculated and measured p,Jsi tior..s of the 6700 y2ar 
and 3050 year old layers (see figure 8). Vertical 
s~rain rates are expected to becooe more nearly 
zero with depth (Whillans, personal communication, 
1980). In this study, an ave:;::age str,,_in rate 
through the entire thickness of the ice is u.sed. 
~owe7er, the internal layers under investigation 
in this study are located in only the Ufper 75% 
Figure 8. Versatec plot showing 
an increase of 1~0% in the 
strain rate values used to 
calcul~te the isochrons. 
>t>\"IP ~.,., I D -·-·-· ·-·-(-· i-·-·-· I·-·-·- ·-·-·-·-·-·-·1 
( ' 
. I ) \ ! 
I I I ! 
I \ ( I I ( I I I i \ 
i \ 
\ i I i I 
I bl ff, I ~ I \ .J I 0 ., I 111 ? 
I I I- .:. q 
\ \ .J t!' 
"' \ \ :) tr ,... I} 0 I I .J II. ) ) ([ ~ I .) ( \ 
I I 0 \ I 2 I 
\ \ 
I ~ 
I l 
I \ 
"' 
I ( ~\ 
I I 
I I 
~ I 
I I I t 0 ti I !I ._, \ .> I 
" -t> I \ 
I I 
"' ... I ) ,_ 
I \ i \ I II\ t I I E I \ 0 \ ~ I c.+, \ I ,. 
I 
' 
0 ~ 
" \ ~ + \ ., \ \ E ) 
...2 
\ I x 
) I 
\ I 
"' \ ( ~\ Ci I 
I ~ 
\ 
\ 0 \ II\ 
\ ('( 
I 
\ ~ 
U\ 
t"' 
& c( 0 8 0 0 i & 0 0 a. 8 ~ !! Ill ~ ~ <1 C'f 
1er.a1 -o;,,; ... -ca ..... :aAoo,"0 ,;...,+ew 
figure 8 
--12--
of the ice. Therefore, they ara not directly 
affectgd by any smaller strain rates near the base 
of the :...ce. 'Thus s. larger 11 ·:1.verage 11 strain rate 
should be used. Increasing strain rates by about 
20% would be closer to what could be realistically 
e.x-pected. Modelling this change in the calculations 
resulted in little noticeable change in the calculated 
isochron depths. Because of this small change in 
depths, it is concluded that although although 
assuming a constant strain rate is not st~ictly 
valid, other .:actors have probably ac::ed to change 
the radar isochron depths froo those nredicted by 
::he model. 
Bottom melting or freezing will affect in 
equation 2b of the model: 
v = ; + u dz bot 
bot dX (2b) 
. 
where f was originally taken as C. rhe maximum 
arr"'.Junt of melting due to geothermal heat with a 
standard heat flux is 0.05 cm/a and due to friction 
from sliding is about 0.1 cm/a/10 meters of movement 
(Whillans, personal communicati:n, 1980). Alonl 
the flowline used in this stud;;,r, the r::ovemeLt is 
about 30 m/a. Adding these two components together, 
it is seen that the maximum amount of bottom melting 
--"19--
is about 0.035 m/a. Substituting equaticn 2b 
into equation 3 and ;_ming f as equal to -0. 035, 
the vertical strain rate is equal to: 
-
• -b -o. 035 
E = z+ Z 
U dZ 
Z dX (3) 
1his changes the calculated s~rain rates by only 
about 5% which does not alter the isoc:b.ron depths. 
Similarly, for bottom freezing, f will be positive, 
but of the same order of magnitude as bottom melting. 
This too has little effect on the calcyla~ed • "h lSOCuron 
depths, so that bottom melting and freezing can 
both be neglected. 
Horizontal velocity is taken aa an average 
th.rough the thickness. Actug.l values of horizontal 
velocity through the thickness will not normally 
deviate from this average value by more than 2CY}6 
(Paterson, 1969). The horizontal velocities were 
increased and decreased by 20%, which had little 
effect on the calculated isochron depths. Hence, 
the average horizontal velocity values can be 
used as approximations of the actual values. 
I1he second tY19e of error is pro bl ems with 
the data. Because the air-ice and ice-substrate 
surface elevations agree with independently-
ge1;.erated maps of Gree:::1.land, these,,.:elevations 
are accepted as correct. ~his also implies the 
--20--
validity of the thick.'1.ess data. The radar liEes 
are accepted as valid. The depths of these lines 
were measured in the same manner as the ice thickness 
measurements. 
The only other source of data is Benson's (1962) 
accumulation rates. A decrease of 15% in the values 
of accumulation rates used will bring agreement to 
the middle isochrons, but ·,-1ill decreasethe agree:nent 
of the upper isochrons. This shows tha~ the model 
is sensitive to changes in accumulation rates, 
and that there is no systematic error in ~he 
accumulation data. 
The third and most probable type of error 
co~es from changes in parameters assumed constant 
with time. These are discussed in the fol:owing 
section. 
===--------~ 
--21--
ALTERA'TIONS IN VARIABLES WFI:HIN 'THE MODEL 
It has now been established that the radar 
lines are isochrons, that the observed data are 
approximately correct, and that ablation and 
bottom melting are insignificant along the flowline 
used in this study. However, there are significant 
differences between the older observed a~d calculated 
isochrons. ·The most -probable explanation for 
these differences is variation over time of two 
quantities thE',t are assumed constant with time 
in the model: accumulation and ice thickness. 
The computer-program in this study allows only 
calculation with constant values of ice thickness 
and accumulation at any location over time. 
Calculations were made using different values of 
these -parameters. 
A decrease in the accumulation rates used 
decreases the depths of the calculated isochrons. 
A proportional decrease in the accumulation rates 
has a greater effect near the margin of the ice 
sheet than in the interior. This is because the 
accumulation rates are greater at the margin. A 
15% decrease in the observed accumulation rates 
brings approximate-agreement to the 3050 year old, 
--22--
or middle isochron (see figure 9), while a 3C!J6 
decrease brings the lower, 6700 year old isochron 
to agreement (see figure '10). A decrsase of 40% 
in the observed accumulation rates limited to 
the west half of the flo~line brings both ends 
of the lower isochrons together, but discrepancies 
in the center of the isochrons remain (see figure 
11). 
All of these alterations re.Bult in a greater 
disagreement of the youngest, '1400 year old isochron. 
Because of this, any changes probably occured prior 
to '1400 years before present, ~he age of the youngest 
calculated isochron. The mode~ seems to indicate 
that in the past the accumulation rates were less 
than what are observed today. These smaller rates 
acted over a shorter period of time (only until 
abo~t 1500 years ago) than was used in the model, 
so that a grea~er magnitude of decrease in the rates 
may have acted in order~ achieve the shallower 
depths obtained above. 
Modelling changes in thickness yielded 
somewhat surprising results. A decrease of 
5CP/4 in thic~ness values resulted in very close 
agreement of the 6700 year isochrons and in fairly 
close agreement of the 3050 year isochrons. 
Figure 9. Versatec plot showing 
a decrease of 15% in the accuaulation 
values used to calculate the 
isochrons. 
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Figure 10. Versatec plot showing a decrease 
of 30% in the accumulation values 
used to calculate the isochrons. 
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Figure 11. Versatec plot showing a decrease 
of 40% in the accumulation values 
on the west half of the flowline. 
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Again, this change decreased the agreement of 
the upper, 1400 year isochrons (see ~igure 12). 
This extreme change in thickness is 
inconsistent with current beliefs about the mass 
balance of the Greenland ice sheet (Weidick, 1975). 
It is possible that the derivations cf the model 
equations are wrong by an -J.nknown factor due to 
variations in the ice not taken into account by 
the equations. J:he thick ... Tless values play a 
major role in calculavion of both strain rates 
and h:rizontal velocities. The close agreemenv 
in the original model of the 1400 year old isochrons, 
however, sug;ests that there is probably not a 
major error in the derivation of the model. 
It is conceivable that only the upper 
half of the ice sheet is active, and thersfore 
only half thickness 3hculd be used. in the 
calculations, but this seems a rather exvreme 
interpretaition. 
'J:he most probable conclusion is that changes 
in accumulation and in thickness are working 
together, so that neither variable needs to 
chac16 e as much as is suggested above. From the 
above model, a conservative interpretaion is 
Figure 12. Versatec plot showing 
a 50% decrease in the thickness 
values used to calculate the 
isochrons. 
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that both thickness and accumulation have increased 
from 6~00 years before present to the present. 
Changes in thickness and accumulation are 
inconsistent with the steady-state assumption. It 
is suggested, therefore, that future investigation 
be directed towards developing a model which does 
not require this assumption. From this, deeper 
insight into the magnitude of changes of climatic 
variables, and variables internal to the ice 
during the past history of the Greenland ice 
sheet can be obtained. 
--25--
SUMMARY AND CONCLUSIONS 
Airborne radio echo records were obtained of 
a flight path that followed a flowline in the 
-Greenland ice sheet. These records show internal 
layering extending over several hundred kilometers. 
Past investigators have suggested that these lines 
represent depositional surfaces. 
Three widely-spaced and easy-to-follow 
radar lines were chosen for study. An ice flow 
model was used to calculate isochrons a"_jproximating 
the depths of these radar lines. The model assumes 
that there is no bottom melting or freezing, that 
vertical strain rates are constant with depth, and 
that the ice is in a steady-state. 
The model was translated into a Fortran program 
and run on a computer. The youngest isochron agrees 
closely with the youngest radar line, but discrep-
ancies occur between the older sets of radar lines 
and isochrons. These discre-pancies increase with 
age and de-pth. 
Because of the close agreement of the upper, 
~400 year old lines, the assumptions in the model 
are considered valid for about the last ~500 
years: the ice sheet has been in a close-to-
steady-state, and the radar layers are indeed 
isochrons. 
Discrepancies between the lower sets of 
isochrons and the radar layering may be a result 
of changes in the ice sheet or weak.c"'l.esses in the 
representation of ice flow in the calculations. 
Errors arising from not allowing for bottom 
melting and freezing do not significantly affect 
the results. However, variance of strain rates 
with depth may be significant. Because the radar 
lines are in the upper 75% of the ice, a 20?6 
greater "average" strain rate might be more 
appropriate. 
Changes in thickness and accumulation rates 
also affect the results of the model. Using 
smaller values than those observed brings closer 
agreement to the lower two sets of isochrons. 
This suggests that either or both thickness and 
accumulation have increased from 6700 years ago 
to the presento 
Changes in accumulation rates and in 
thickness cannot be incorporated into a steady-
state modelo Therefore, according to ~he model 
used in this study, at least part of the Greenland 
--27--
ice sheet is not in a steady-state. More detailed 
investigation using a model which does not depend 
on cons~ant strain rates with depth or on an 
assumption of steady-state is needed to determine 
the magnitude of the changes occurring in this 
ice sheet. 
--ZS--
APPENDIX A: List of the Fortran 
computer program used in this 
study. 
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APPENDIX B: Table of data 
showing latitude, longitude, 
distance from the ice divide, 
and accumulation data for each 
CBD no. along the flowline. 
--33--
CBD LONGITUDE LA·I1IrUDE DISI1ANCE ACCUT'lULAJ:iION 
NO. FROM ICE (m.a2o) DIVIDE 
Cm.) 
270 -37.282 71.115 0 0.27 
269 
-37.350 71 • 113 2000 0.27 
268 
-37.4'12 71.'112 4000 0.27 
267 -37.465 71.105 6C:OO 0.28 
266 
-37-523 71 • 102 8000 0.28 
265 -37.572 71. 098 10000 0.28 
264 
-37.633 71. 092 12000 0.28 
263 -37.690 71.088 14000 0.28 
262 
-37.738 71.083 '16000 0.28 
26'1 
-37.800 71. 082 18000 0.2S 
260 
-37.852 71. 080 20000 0.28 
259 -37.920 71. 078 22000 0.28 
258 
-37-978 71 • 077 24000 0.29 
257 -38.025 71. 077 26000 0.29 
256 -38.092 7'1. 072 28000 0.29 
255 -38.137 71. 072 30000 0.29 
254 -38.203 71.070 32000 0.29 
253 -38.265 71 • 068 34000 0.29 
252 -38.315 71.065 36000 0.29 
251 
-38.377 7'1. 060 37000 0.29 
250 -38.423 71.055 39000 0.29 
249 -38.4-82 71 • 048 40000 0.29 
24-8 -38.54-0 71. 04-3 42000 0.29 
247 -38.577 71.037 44-000 0.30 
246 
-38.6~7 ']'1. 027 4-6000 0.30 
24-5 -38.683 71.020 4-8000 0.30 
244 
-38.735 7'1.013 50000 0 7.,(\ • .,JV 
243 -38.795 7'1.008 52000 0.30 
242 
-38. 91 O 7'1. 003 55000 0.30 
241 
-38.997 71.003 58000 0.31 
240 
-39.0'15 71.003 620'.:0 o. 31 
239 -39.082 7'1.003 64000 o. 31 
238 -39. '14-0 71.000 65000 0.32 
237 -39.200 70.997 69000 0.32 
236 -39.240 70.990 70000 0.32 
235 -39-303 70.987 72000 0.32 
234 3" ""'2 - ';e)C 70.985 74000 0.32 
~ "7 7., 
C.) _,) -39.4'12 70.980 76000 0.32 
232 -39.4-73 70. 980 78000 0.33 
231 -39.525 70.980 81000 0.33 
CED LONGI:rUDE 
NO. 
230 -39.588 
229 -39.648 
228 -39.?02 
227 -39.763 
226 -39.8'10 
225 -39.873 
224 
-39.932 
223 -39.982 
222 -40.042 
22'1 -40.090 
220 -40.'145 
2'19 -40.203 
2'18 -40.248 
2'17 -40.3'13 
2'16 -40.367 
2'15 -40.430 
2'14 -40.490 
2'13 -40.·533 
2'12 -40.602 
21'1 -40.648 
210 -40.688 
209 -40.728 
208 -40.762 
207 -40. 8'15 
206 -40.868 
205 -40.9'10 
204 -40.965 
203 -4'1. 0-12 
202 -4'1.068 
201 -41 • '1 '18 
200 -4'1.'162 
'199 -41 .208 
'198 -4'1 .25D 
197 -4'1.298 
'196 -4~.355 
'195 -4'1. 355 
'194 -4'1.463 
'193 -4'1 • 5'1 3 
192 4/] 6-17 
- I• 1 
191 -4'1.650 
~'· 
--.)'-t--
LATI:rUDE DIS:r.ANCE 
FROM ICE 
DIVIDE 
(m.) 
70.978 33000 
70.977 8LLOOO 
'?0.977 85000 
70.975 87000 
70.975 88000 
70.973 39000 
70.967 90000 
70.963 9'1000 
70.955 92000 
70.952 93000 
70.945 94000 
70.942 97000 
70.940 '100000 
70.938 '103000 
70.935 '109000 
70.935 '1'12000 
70.935 '1 '15000 
70.933 '1'18000 
70.932 '12'1 ooc 
70.928 124000 
70. 9/13 · '126000 
70.902 12800C 
70.890 '130000 
70.878 '132000 
70.875 '134000 
70.867 '136000 
70.862 '138000 
70.855 '140000 
70.850 '1 LL"] 000 
70.840 '143000 
·70.832 '14.L+-000 
70 .. 820 '147000 
70.8'13 '150000 
70.so3 '152000 
70.797 '155000 
70.70,2 '158000 
'70.737 '160000 
70.783 '16'1000 
70.768 '163000 
70.753 '166000 
ACCUMUL.D,:rION 
(m.H20) 
0.33 
0.33 
0.33 
0.33 
0.34 
0.34 
0.34 
0.34 
0.34 
n ...,.LL 
v.), 
0.34 
0.35 
0.35 
0.35 
0.35 
0.36 
0.36 
0.36 
0.36 
0.37 0 ...,.'7 
•) I 
0.37 
0.37 
0,, 37 
0.38 
0.38 
0.,38 
0.38 
0.38 
0.38 
0.38 
0.38 
0.39 
0.39 
C'·.39 
0.39 
0.40 
0.40 
0.40 
0.40 
--------------------
--35--
CBD LONGITUDE LA:I:I'rUDE DIS'i:1AHCE ACCCivIULL1ION 
NO. FROM ICE (m.H20) DIVIDE 
(m.) 
'190 -41.695 70.743 '162,000 0.4'1 
'189 -4'1.727 70.737 '170000 0.4'1 
'188 -4'1.770 70.727 '1720CO C .4'1 
'187 -4'1.820 70.7'17 '174000 0. -'1 
'186 4/1 8"5 
- I• ( 70. 7'13 '176000 0.4'1 
'185 -4'1.933 70.708 '1?8000 0.42 
'184 
-4'1.977 70.705 '180000 0.42 
'183 -42.037 70.703 '182000 0.42 
/182 
-42.090 70.697 '184000 0.42 
'18'1 -42. '135 70.692 '186000 0.42 
'180 -42.'185 70.683 '187000 0.42 
"1 ,, a ( ./ -42.232 7C.675 '189000 0.42 
'17,3 
-42.283 70.667 '190000 0.43 
'177 -42.338 70.660 '192000 0.43 
'176 -42.383 70.655 '194000 0.43 
'175 -42 .44(1 70.648 '197000 Oc43 
'174 -42.482 70.64-5 2000cc C.L;-3 
'173 -42.537 70.638 202000 0.43 
'172 -42.590 70.628 203000 0.44 
'17'1 -42.633 70.622 205000 C.44 
'170 -42.680 '70.6'10 206000 C.44 
'169 -42.7'13 ·70.602 208000 0.44 
'168 -42.760 '70.590 2'10000 0.44 
'167 -42.805 70.582 2'12000 0.44 
'166 -42.852 7C.575 2'14000 0.45 
'165 -42.907 70.568 2'16000 0.4-5 
'164 
-42.953 70.565 2'18000 0.45 
'163 -43.008 70.557 220000 C.45 
'162 -43.065 70.553 224000 0.45 
'16'1 -4-3 .1'10 70.547 225000 0 /..J...C:. • I .,,,,/ 
'160 -43.'1SO "O 5 ""''7 ( . :) ' 226000 0 /IC:. . ,.. ..• / 
'159 -43.'197 ·70. 532 228000 0.45 
'158 -43.243 70.518 230000 0 /..J...C:. . '_,, 
157 -43.288 70.507 232000 0.45 
'156 -43.330 70.497 234000 0.46 
'155 -43.383 70.488 2360CO 0.46 
'154 -43.422 70.485 238000 0.46 
-: 53 ' 1 3 4"8 -'-+ • ( 70.480 240000 O.L4-6 
'152 -43.535 7 ,=: .4-77 242000 C.4-6 
'1 C:J' 
../ I _1..J...3.522 '?0.475 2l;..4000 o.+6 
'150 -43.637 ,-co 4-7 / • b 2450CC 0.46 
"? ,-
- - ;:; c --
OBD LONG 1'I1UDE LATI:I1UDE DISTANCE AC C,TJLJ1UL}._ r IC r; 
r~o. F3'0M ICE (m.EL")O) 
DIVIDE '-
( m.) 
149 -43.673 70.458 247000 0.47 
'14-3 -43.728 70.450 250000 0.47 
'l LL r, 
' ( -43.733 70.440 252000 C.LL? 
'146 
-43.8'17 70.433 254000 0.48 
'145 -4-3.865 70.422 256000 0.48 
'144 -LJ..3.907 70.4'17 2580CO C.48 
'143 
-43.957 70.408 260000 0.48 
'142 -44.045 70.388 26200C 0.49 
'14'1 
-44.087 70.377 264000 C.49 
'140 -44.'122 70.367 266000 0.49 
'139 -44.'168 ·70.357 262000 0.49 
'138 -44.220 70.348 270000 0.50 
l 
--37--
APPENDIX C: Table of data 
showing surface and substrate 
elevations and ice tcickness 
for each CBD no. along tne 
flowline. 
--]c--
CBD SURF ;,_cE SUB31rRA 1rE ICE 
NO. ELEV. ELEV. THICKNESS 
Cm.) (n.) (m.) 
270 3263 153 3"110 
269 3262 112 3150 
268 3262 132 3130 
267 3258 158 310c 
266 3257 25'7 3000 
265 3251 251 3000 
2Sll. 3250 150 3100 
263 3249 219 3030 
262 3244 244 3000 
2S1 3245 195 3050 
26C: 3243 243 3000 
259 3232 252 2960 
258 3229 219 30'10 
257 3225 375 2850 
256 3219 329 2890 
255 3225 245 2980 
254 32'19 3"19 2900 
253 3213 363 2850 
252 321'1 111 3100 
251 3206 206 3000 
250 3202 202 3oco 
249 3197 ?7 3100 
248 3183 63 3120 
247 3182 32 3150 
24-6 3185 85 3100 
245 3178 128 3050 
244 3174 124 3050 
243 3180 130 3000 
242 3163 /163 3000 
241 3160 260 29GO 
240 ,,,, 5-:JI :) 153 ~,000 
~-9 ) 3'14-4 44 3"100 
238 3145 95 3050 
237 3143 63 3080 
236 3130 20 31 '1 O 2:z.~ 3130 20 31'10 _,;) 
234 3128 28 3100 
233 3'123 23 3"10() 
232 3'1 '15 
-5 3'120 
231 3112 22 3090 
--3S1--
CBD SURFACE .SUBSTRA~E IGE 
NO. ELEV. ELEV. T5ICKtrnss 
(m.) (m.) (m.) 
230_ 3104- 4 3'100 
229 3097 -13 3110 
228 3096 /.J.. 
- ' 3100 
227 3090 40 3050 
226 3091 21 3070 
225 3087 7 3080 
224 3077 -3 3080 
223 301]3 
-7 3080 
222 3069 -11 3080 
221 3065 -15 3080 
220 30?1 "11 3060 
219 3057 57 3000 
218 3055 55 3000 
217 3052 62 2990 
2-16 3044 94 2950 
215 3035 85 2950 
214 302L 24 3000 
2/13 3012 
-38 3050 
212 3007 
-93 3100 
211 3012 -38 31 ::io 
210 2998 -52 3050 
209 2998 -102 3100 
208 3000 -100 3100 
207 2997 -83 3080 
206 2981 
-99 3080 
205 2980 -120 3100 
204 2977 -113 3090 
203 2975 -95 3070 
202 2967 37 2930 
201 2961 71 2890 
200 2954- 74 2880 
100 
./ ,I 2951 51 2900 
198 2949 1 '19 2830 
1()" ~ ( 2S4-4- 1 S4- 2780 
196 2930 /!20 28'10 
195 2930 20 29'1 O 
194 2918 -12 2930 
193 29/1-'; -9 2920 
/1 0'"' I /c:_ 2895 -6:J 2960 
191 2889 -'1 '11 30CO 
--40--
CBD SURFACE SUBSTRATE :ICE 
N"O. ELEV. ELEV. r=ICKNESS 
(m.) (m.) (m.) 
'190 2879 -'14'1 3C20 
'189 2873 -'107 2980 
188 288'1 
-9 2890 
'137 2879 49 2830 
'186 2867 
-3 2870 
'185 2865 -'15 2880 
'184 2857 -23 2880 
'183 2842 -58 2900 
'182 2833 -47 2880 
'12,'1 283'1 -'19 2850 
180 2826 36 2790 
'179 2816 -Z' ..,,c 2750· 
178 23'13 13 2800 
177 2812 12 2800 
~76 2802 2 2800 
'1 ~c:; (_,, 2788 -12 2800 
'174 2786 -64 2850 
173 2779 -111 2890 
172 2773 -117 2890 
171 2762 -48 23'10 
170 2754 rr -:::io 2810 
169 2749 -41 2790 
'168 274'1 -159 2900 
'167 2737 -163 2900 
'166 2730 -:1 i30 2910 
165 2720 -230 2950 
/164 272'1 -149 2370 
'163 2714 qc -/o 23'10 
'1''°' 
. cc: 2704 -36 2790 
'161 2698 -12 2710 
160 2692 22 2670 
159 2637 87 2600 
15E 2676 '126 2550 
157 2672 62 2610 
156 2668 58 2610 
155 2SS2 82 2570 
154 26t'.+4 54- 2 ,-,.--,0 ]':),. 
153 2641 l'..1 2C,C··J 1 C:,:) 
_,,_ 2633 23 2610 1 r /} 
:J ' 2625 235 2390 
--.'.;-1--
CBD SURFACE SUBS::CRA::::'E ICE 
i'TO. ELEV. ELEV. I1EICKNESS 
(m.) (m.) ( rn.) 
150 26'19 219 2400 
·149 2615 215 2400 
-:48 2602 2'12 2390 
,,, 47 2593 213 2380 
'146 2588 208 2380 
'145 2576 '166 24'10 
'144 2561 7'1 2LL90 
'143 2 C::C,'"' .,) _.,c.. 62 24-90 
142 2538 138 2400 
141 2535 145 2390 
'140 252'? -127 2400 
'139 2513 -103 24'10 
'138 25'1 O '120 2390 
--42--
APPENDIX D: Table of data 
showing measured elevations 
(in meters) for the radar 
lines chosen for study. 
Measurements are given for 
each CBD no. along the 
flowline. Numbers given in heading 
of radar lines ~ndicate ages used 
in calculation of comparable 
isuchrons (in years.) 
1 --43--
CBD ELEV. OF ELEV. OF ELEV. OF 
NO. RADAR LINE RADAR LHTE RADAR LI~E 
1L+OO 3050 6700 
270 2833 2473 1,363 
269 28L+2 2462 1842 
268 28L+2 2L+62 1842 
267 28L+3 2458 1838 
266 2837 2477 1837 
265 2831 24-61 1831 
264 2830 2/.'._40 1790 
263 2339 2449 1'799 
262 283L+ 2L+4-L+ 179L+ 
26:1 2835 244-5 1805 
260 2833 24-L+3 1823 
259 2812 24-22 1812 
258 2819 2429 1,S19 
257 2805 24-25 1815 
256 2809 24-09 1,809 
255 2805 2405 1805 
254 2769 2389 1789 
253 2763 2403 1763 
252 2751 2421 1731 
25'1 2726 24"16 1716 
250 2722 2402 1722 
249 2707 2407 1707 
248 2693 2383 1683 
247 2682 2372 '1672 
246 2705 2~ric, 1685 ) ( ,/ 
245 2698 2368 1668 
244 2714 2384 '1684-
243 2710 2390 1680 
24-2 2683 2363 '1683 
241 2680 2360 1670 
240 2663 2353 '1653 
239 2644 2324 1644 
238 )63~ 2315 '1635 - ') 
237 2633 2303 '1623 
236 2630 22,30 1570 
235 2630 2280 '1550 
234 2613 2298 154-8 
233 2623 2283 '1533 
232 2605 2285 '1525 
231 2612 2272 '1502 
CBD 
NO. 
230 
229 
228 
227 
226 
225 
224 
223 
222 
221 
220 
219 
218 
217 
2-16 
215 
214 
213 
2-12 
211 
210 
209· 
208 
207 
206 
205 
204 
203 
202 
201 
200 
199 
198 
/197 
196 
/195 
-194-
193 
192 /\ 9,1 I ! 
ELEV. OF 
RADAR LINE 
1400 
2594 
2587 
2586 
2570 
2571 
2557 
2547 
2553 
2549 
2545 
255'1 
2527 
2545 
2522 
2504 
2485 
2444 
2432 
2417 
2422 
2408 
2418 
2420 
24"17 
2391 
2400 
2397 
2405 
2407 
2411 
2374 
237'1 
2369 
2364 
2350 
2340 
2323 
231'1 
2?o~ ~ / '.) 
22,39 
ELEV. OF 
RADAR LINE 
3050 
2244 
22'17 
2226 
2240 
224'1 
22'17 
2207 
22'13 
2219 
22'15 
22'11 
2177 
2'185 
2202 
2194 
2'185 
2'1 '14 
2'1'12 
2097 
2092 
2068 
2078 
2090 
2067 
206'1 
2060 
2057 
2065 
2067 
2061 
2054 
2051 
2C49 
2034 
2020 
2000 
'1958 
1961 
1935 
1909 
ELEV. OF 
?.ADA..T:?. LHIB 
6700 
'14,34 
1497 
'1486 
'1480 
148'1 
'1497 
1497 
1493 
'1499 
1475 
'148'1 
'1457 
1475 
'1 L;-'?2 
1494 
1485 
'1434 
'1412 
'1397 
1392 
1378 
1388 
'1390 
'1387 
136'1 
'1360 
1357 
'1365 
'1377 
'13(,'1 
1354 
"13 7'1 
1349 
'1354 
'1330 
/I 3'10 
1298 
'12 9'1 
'1265 
/1 ') 79 I c_? 
CBD 
110. 
190 
189 
188 
187 
136 
185 
184 
183 
182 
181 
180 
179 
178 
1?7 
176 
175 
174 
173 
172 
171 
170 
169 
168 
1'7 .o 
166 
165 
164 
163 
162 
1SO 
-~ 50 
. ;' 
158 
157 
156 
1.55 
154 
153 
'152 
151 
ELEV. OF 
RAD.AR LINE 
1400 
2279 
2273 
2271 
2279 
226'7 
2265 
2257 
2232 
2233 
2231 
2226 
2216 
22'13 
2202 
2202 
2'158 
2'166 
2159 
;::,..-1 c:,3 
- I_, 
2152 
2144 
2'129 
209'1 
2067 
2060 
2080 
207'1 
2064 
2064 
2098 
2082 
2C>87 
2·~-56 
2042 
2C•38 
2'142 
202LL 
203'1 
2023 
2005 
--45--
ELEV. OF 
RADA.rt LINE 
3c50 
1299 
'1893 
'193'1 
'1929 
'19'17 
1395 
'1897 
'19'12 
19'13 
'l 9'1 '1 
1906 
1876 
'1873 
'1862 
'1852 
'18'18 
'18'16 
'1799 
1783 
1772 
1764 
1759 
1741 
'1737 
'1730 
1720 
172'1 
1714 
1714 
1698 
,I 7'12 
·1n~7 f~. 
1746 
17'12 
17'18 
'1702 
1694 
'17 0'1 
1673 
1665 
ELEV. OF 
RAD.r.R LINE 
6700 
'1229 
1213 
1231 
1239 
1247 
1225 
'1227 
12'12 
1203 
121 '1 
1216 
1206 
1203 
1182 
1'172 
1128 
11'16 
1109 
1103 
'1092 
1074 
'1059 
105'1 
'1057 
1050 
1040 
1 O 5'1 
'1064 
'1084 
1098 
'1102 
1127 
1'1'16 
'1092 
'1088 
1092 
1084 
1 Oc-'1 
1'J73 
1'105 
l 
1 
CBD 
:JO. 
150 
149 
"148 
147 
146 
145 
144 
143 
142 
141 
140 
139 
~38 
ELEV. CF 
RADAR LINE 
14-00 
1979 
1995 
1932 
1963 
1958 
1936 
1911 
1,392 
1398 
1885 
1E377 
1853 
1330 
--46--
ELEV. OF 
3.ADAR LI:rn 
3050 
1659 
1655 
1662 
1623 
1608 
1606 
1591 
"1582 
1568 
1585 
1557 
1533 
1520 
ELEV. OF 
6700 
1099 
1125 
1112 
1103 
1098 
1056 
1051 
1032 
1038 
1025 
1017 
983 
?90 
---+7--
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